Corbicula japonica is one of the most important bivalves in inland fishery resources. Stable isotopic studies have shown that it can assimilate plant-derived hard-degradable carbohydrates. Further studies revealed that this species has endogenous enzymes to digest these carbohydrates.
General introduction
Cellulose, the most abundant organic substance on earth, is chemically stable and plays an important role in maintaining the physical strength of the cell walls of plants and phototrophic bacteria (Watanabe and Tokuda 2001) . The physical strength of the cell wall is due to the primary structure of cellulose, which consists of monomeric chains of D-glucopyranose bound by b-1,4-glycoside linkages, resulting in the formation of cellulose microfibrils interconnected by hydrogen bonds (Watanabe and Tokuda 2010 ; Fig. 1A ). The cell wall also contains other hard-degradable substances including lignin and various hemicelluloses such as mannan, xylan and laminarin (Cosgrove 2005) . To degrade cellulose, specific enzymes collectively called it had been long believed that metazoans degrade cellulose with enzymes derived from parasites (Watanabe et al. 1998) . However, several animals were recently shown to have endogenous cellulases (Tanimura et al. 2013a) . In this study, we investigated the enzymatic degradation of cellulose and hemicelluloses in wetlands and discovered the existence of an environmental enzyme system.
Cellulose degradation by bivalves

2-1. Stable isotopic studies
Stable isotope analysis is a useful method to examine the assimilation process in the ecological food chain (DeNiro and Epstein 1978) . In particular, the 13 C/ 12 C and 15 N/ 14 N ratios in animals directly demonstrate the food source incorporated and assimilated in the ecological food chain of the habitat (Fry and Sherr 1989) . The stable isotope analyses have successfully revealed the food chains in various estuaries and saltmarsh food webs (DeNiro and Epstein 1978) .
Corbicula japonica, inhabiting brackish waters, is a very important bivalve in inland fishery resources, and is assumed to play an important role in the brackish water ecosystem (Nakamura et al. 1988; Yamamuro and Koike 1993) . To understand the ecological role of this species, carbon and nitrogen stable isotope ratios were measured in the most prominent fishing places in Japan, Lake Ogawara, Lake Shinji and Lake Jusan (Kasai et al. 2006) . Lake Jusan is a shallow and mesohaline lake on the coast of the Sea of Japan in Aomori Prefecture. Lake Ogawara is a deep and oligohaline lake on the coast of the Pacific Ocean in Aomori Prefecture. Lake Shinji is a shallow and oligohaline lake on the coast of the Sea of Japan in Shimane Prefecture. In 2004, C. japonica were collected from various sites in the three lakes and stored at -40∞C until analysed. The foot muscles were excised, dried at 60∞C and ground into powder. Organic sources were collected from those sites and evaluated as particulate organic matter (POM). Phytoplankton and benthic microalgae were also collected and analyzed. Stable isotope ratios of carbon and nitrogen were estimated by using a continuous-flow isotoperatio mass spectrometer equipped with an elemental analyzer (Carlo Erba, Lakewood, CO, USA) connected to a mass spectrometer (Finnigan MAT, Bremen, Germany) . Isotope ratios of 
Where X is either 13 C or 15 N, and R is either 13 C/ 12 C for carbon or 15 N/ 14 N for nitrogen. Corbicula japonica collected from different sampling sites in the three lakes demonstrated different isotope ratios (Fig. 2) , suggesting that C. japonica utilized different organic sources for food depending on their site. The d 13 C-d 15 N map clearly shows that C. japonica collected from the upper sites of Lake Jusan possibly incorporated the terrestrial organic matter because the d 13 C-d 15 N ratio of C. japonica in J7, J9 and J10 were in range of terrestrial organic matter (Wada et al. 1987; Yamada et al. 1996; Ogawa and Ogura 1997) (Fig. 2E) . Considering that the concentration levels of chlorophyll-a were lower in Lake Jusan than in the other two lakes (Fig. 3) , it seems unlikely that C. japonica in the upper sites of Lake Jusan would consume phytoplankton. Furthermore, the short water retention time in Lake Jusan (1 day) compared with those of Lake Ogawara (455 days) and Lake Shinji (88 days) support this possibility. The isotope ratios for POM in the doi:10.5047/absm.2018.01101.0001 © 2018 TERRAPUB, Tokyo. All rights reserved.
upper site of Lake Jusan indicated that most POM was derived from terrestrial organic matter mainly consisting of terrigenous C3 plants in the upper catchment basin (Fig. 4) . Since cellulose is the main component of the terrestrial organic carbon source, these findings suggest that C. japonica has the ability to expand the habitat to the upper sites of rivers.
2-2. Cellulase from Corbicula japonica
Cellulase is an enzyme that belongs to the glycoside hydrolase family (GHF), which catalyzes the hydrolysis of the b-1,4-glycoside linkages of cellulose chains (Tanimura et al. 2013a) . Widespread distribution of cellulase has been recognized in fungi, bacteria, plants, herbivorous invertebrates including insects and mollusks, and the enzyme origin had been assumed to be symbiotic microbes (Potts and Hewitt 1973; Marshall 1973; Pesis et al. 1978; Tomme et al. 1995; Watanabe and Tokuda 2001; Tsuji et al. 2013; Rahman et al. 2014) . However, the discovery of an endogenous cellulase gene located in the host chromosome of an insect refuted the symbiotic theory (Watanabe et al. 1998) . Subsequent studies discovered that five out of fourteen families of glycoside hydrolases (GHFs 5, 6, 45, 10 and 9) exist in invertebrates (Smant et al. 1998; Xu et al. 2001; Suzuki et al. 2003; Matthysse et al. 2004; Tanimura et al. 2013a) . In particular, GHF9 was shown to be widely distributed in invertebrates (Davison and Blaxter 2005) .
As described above, stable isotopic studies clearly revealed that brackish water bivalve, C. japonica, are capable of assimilating cellulose (Kasai et al. 2006) , thereby suggesting that this species contains cellulases. To validate the presence of cellulases in this species, we made an attempt to detect the cellulase activity and isolate its gene (Sakamoto et al. 2007 ). The cellulase activity was detected by the zymographic analysis and the reducing sugar assay. Tissues including the crystalline style (a specific organ for storing digestive enzymes), digestive gland, mantle, gill, adductor muscle and foot were used for this study. cDNA cloning was carried out by reverse transcription polymerase chain reaction (RT-PCR) and rapid amplification of cDNA ends (RACE). Figure 5 shows the distribution of the cellulase activity in various tissue samples. An intensely active band was observed in the crystalline style at 67 kDa, while only a faint band was detected in the digestive gland including stomach and intestine. We did not detect any active bands in the other tissue samples. These findings clearly show that cellulase is stored in the C. japonica crystalline style. Cellulose decomposition implies two steps involving following enzymes, b-1,4-glucanase in the first step and b-glucosidase in the second step in aquatic invertebrates (Tanimura et al. 2013a). First, cellulose is roughly digested by b-1,4-glucanase, and then glucose is excised from the terminus of oligosaccharides by b-glucosidase. To validate whether cellulase stored in the crystalline style digests crystalline cellulose into glucose, the production of reducing sugars including glucose was measured as a function of the incubation time (Fig. 6) . We found that reducing sugar was produced as a function of the incubation time, but the glucose production was very low. This result suggests that the crystalline style contains japonica collected from Lake Jusan, Lake Ogawara, and Lake Shinji, respectively (Kasai A, Toyohara H, Nakata A, Miura T and Azuma N. Food sources for the bivalve Corbicula japonica in the foremost fishing lakes estimated from stable isotope analysis. (continued).
b-1,4-glucanase but only a limited amount of b-glucosidase. It is noteworthy that cellulase derived from aquatic invertebrates could degrade crystalline cellulose. Eventually, the distinct b-glucosidase activity was detected in the digestive gland (Fig. 7) , indicating that the crystalline style functions as a major storage site for b-1,4-glucanase, but not for b-glucosidase. As shown in Table 1 , the digestive products of the crystalline style extract was further digested by the digestive gland extract to release glucose, suggesting that a two-step digestion may physiologically occur in the digestive system of C. japonica.
As a result of cDNA cloning, a 1880 bp nucleotide containing open reading frame for 596 amino acids was determined (Fig. 8) . The deduced amino acid sequence shows significant homology with the GHF9 type of cellulase with abalone (52%), termites (50%), and crayfish (47%) (Watanabe et al. 1998; Byrne et al. 1999; Suzuki et al. 2003) . Since catalytically indispensable amino acid residues of His513, Asp205, Asp208, Asp554 and Glu563 are completely conserved in the deduced amino acid sequence, it is assumed that this cDNA encodes a functional cellulase. We designated the gene as CjCel9A. Comparison between the gene obtained from cDNA and that from genomic DNA demonstrated that CjCel9A consists of 12 exons and 11 introns. The putative secretory protein sequence (signal peptide) is located in the first 15 amino acid residues of the N-terminus, indicating that the enzyme is a secretory protein. The protein encoded by CjCel9A i.e. CjCel9A, possesses a specific carbohydrate binding module (CBM) consisting of 102 amino acid residues. Four crucial tryptophans at residues 24, 43, 74 and 78 are evolutionarily conserved in the C. japonica CBM. The presence of CBM in C. japonica cellulase suggests that this domain might function to firmly anchor the enzyme to its substrate. The molecular mass of the deduced amino acid sequence without the signal peptide is estimated to be 62.3 kDa. Since cellulase has putative glycosylation sites (at Thr residues-123, 132, 142, 147, 521 and Ser residues-128 and 137), the actual molecular mass is expected to be a little larger than that calculated from the amino acid sequence as observed in the zymographic analysis (Fig.  5) .
To confirm that the active band in the zymographic analysis was derived from CjCel9A, we raised an antibody against a recombinant protein fragment of CjCel9A (Sakamoto et al. 2008) . As shown in Figs. 9, 10, prominent bands were detected in the crystalline style at 50 kDa (CEL9A-50), 65 kDa (CEL9A-65) and 82 kDa (CEL9A-82) under the reducing condition. The Samples were collected from (A) Lake Jusan, (B) Lake Ogawara and (C) Lake Shinji. K, M and R in the labels indicate sampling sites of benthic microalgae, marine sites and riverine sites, respectively (Kasai A, Toyohara H, Nakata A, Miura T unidentified proteins. Heating the samples gradually dissociated the complex, and intermediate products appeared (Fig. 11) . Therefore, the 67 kDa (CEL9A-82) western blot band detected may be one of the intermediate forms of the complex, while a smaller band Fig. 5 . Distribution of the cellulase activity in Corbicula japonica. Enzyme activity was evaluated by the zymographic analysis according to Béguin (1983 Cellulase activity of the crystalline style on cellulose as a function of the incubation time. The amount of reducing sugar produced from Sigmacell cellulose type 20 as crystalline cellulose (white) was measured by reducing sugar assay according to the method of Jue and Lipke (1985) . From this figure, the amount of reducing sugar was measured according to the reducing sugar assay. The amount of glucose (black) was measured using the Glucose Test Wako (Wako, Osaka, Japan) according to the manufacturer's protocol. Bars represent means ± SD. The production of reducing sugar and glucose were significantly different (P < 0. Analyses by zymography, western blot and protein staining by CBB of the extract of crystalline style under non-reducing conditions. Samples were separated by SDS-PAGE with 7.5% polyacrylamide gel in western blot and protein staining by CBB. Western blot analyses was performed according to the method described in Fig. 9 . Zymographic analysis were performed with 7.5% polyacrylamide gel containing 0.2% carboxymethylcellulose. (B) Effect of reducing reagent (2-mercaptoethanol, abbreviated as 2ME in the figure) in western blot analyses. bridization and immunohistochemical analyses were performed. The in situ hybridization analysis revealed that transcripts of CjCel9A existed in epithelial cells of the digestive glands with pyramidal shape (Fig. 15) . However, no transcripts of CjCel9A was detected from the style sac. Similar stain patterns were found in the digestive glands and style sac by the immunohistochemical analysis (Figs. 16A-C) . This analysis showed the existence of CjCel9A in the crystalline style (Figs.  16D, E) . These results suggested that CjCel9A was produced at the epithelial cell in the digestive glands and stored in the crystalline style and supported the endogenous origin of CjCel9A.
Cellulose is first degraded by endoglucanase to produce oligosaccharides, which are then further degraded by b-glucosidase to glucose (Tanimura et al. 2013a) . Digestion of cellulose is usually carried out synergistically by these two types of enzymes in the digestive organs of bivalves. As described above, C. japonica is able to degrade cellulose into glucose in was also detected at 44 kDa (CEL9A-50) after heating the sample. Further studies are required to know whether or not the intermediate form (CEL9A-82) and smaller protein (CEL9A-50) detected by the western blot analysis are physiologically important.
The PCR amplification product of CjCel9A of the genomic DNA prepared from foot muscle was compared with that of the cDNA from the digestive gland by using the same primer pair to amplify the internal 283 bp sequence of CjCel9A cDNA. By the agarose gel electrophoresis, the band of the former (approximately 2 kbp) exhibited larger size than that of the latter (Fig. 12) . Then, the two amplification products were sequenced. The amplified products from the genomic DNA included a putative intron in keeping with the GT-AG rule in addition to the sequence encoding cellulase, suggesting that the cloned cDNA was derived not from any symbiotic microbe but from the C. japonica chromosome itself. The southern blot and the northern blot analyses also supported that the cellulase gene, CjCel9A, is derived from the genome of C. japonica (Figs. 13, 14) . To determine where transcripts of CjCel9A and CjCel9A were present, the in situ hy- Northern blot analysis of CjCel9A. Ten microgram of total RNA was electrophoresed with a 1% agarose gel containing 2M formaldehyde. The RNA in the gel was then transferred to a nylon membrane and hybridized with a probe as described in Fig. 11 . Lower panel showed the image of ribosomal RNA. Dg, digestive gland; Ma, mantle; Gi, gill; Ad, adductor muscle; Fo, foot muscle. Detailed experimental conditions are described by Sakamoto et al. (2007) vitro (Sakamoto et al. 2007) . In 2002, endogenous bglucosidase was found in some kinds of termites such as Neotermes koshunensis (Tokuda et al. 2002) . Endogenous cellulases were also found in other insects including Lepidoptera Spodoptera frugiperda and Bombyx mori, Coleoptera Tenebrio molitor and Blattodea Leucophaea maderae Ferreira et al. 2001; Cornette et al. 2003; Byeon et al. 2005) . Biochemical detection of endoglucanase has been shown in the Mollusca including mussel Mytilus edulis, abalone Haliotis discus hannai, fresh water snail Ampullaria crossean and the clam Corbicula japonica (Xu et al. 2001; Suzuki et al. 2003; Wang et al. 2003; Sakamoto et al. 2007; Guo et al. 2008; Rahman et al. 2014) . However, so far, there are no reports identifying the genetic origin of b-glucosidase in the Mollusca. To address and answer this question, we made an attempt to isolate the b-glucosidase gene from C. japonica and examined its origin (Sakamoto et al. 
2009).
Gene isolation was carried out by RT-PCR and RACE, as previously described by Sakamoto et al. (2007) , and the in situ hybridization analysis was carried out according to methods described by Sakamoto et al. (2008) . As a result, we obtained two distinct genes (CjCel1A and CjCel1B) possibly encoding b-glucosidase. CjCel1A and CjCel1B are composed of open reading frames (ORFs) of 2832 and 2835 bp fragments that correspond to 943 and 944 amino acids, respectively. CjCel1B differs from CjCel1A in the sequence at the 5¢-untranslated region and in the extra 3 nucleotides (ATT) insertion between nucleotide number 955 and 956. This finding suggests that CjCel1B may have been generated by gene duplication of CjCel1A during the process of evolution. The molecular mass calculated from the deduced amino acid sequence of CjCel1A is 106.98 kDa. A putative signal peptide is encoded on 66 or 69 bp from the initiation codon, while polyadenylation signal of AATAAA are recognized at the 3¢-terminal region. Putative N-glycosylation motifs (Asn-X-Thr/Ser) are found at the amino acid positions 153-155, 615-617, 761-763 and 916-918, and ver mosquito Aedes aegypti (UniprotKB/TrEMBL Accession No. Q16WF5), yellow mealworm T. molitor (AF312017) and termite N. koshunensis (AB073638). Interestingly, the deduced amino acid sequence of CjCel1A shows high similarity with human lactasephlorizin hydrolase (hLPH, NM002299). Furthermore, there are two repeated GHF1 domains present in the amino acid sequence of CjCel1A. The substrate binding sequence around the catalytic site (Gln499, Arg555, His600, Asn644, Tyr788 and Glu901) is conserved only in the posterior GHF1 domain, suggesting that the posterior GHF1 is functionally important and the other is not.
To confirm whether the gene is derived from C. japonica chromosomal DNA, we carried out the RT-PCR and the in situ hybridization analyses. From the PCR analysis on cDNA and genomic DNA, we obtained 232 bp and 701 bp fragments, respectively. The sequence analysis revealed that the genomic amplified products included an intron between nucleotide numbers 2638 and 2639 of CjCel1A, which is in accordance with the GT-AG rule. The expression analysis of mRNA by RT-PCR showed an intense amplification in the digestive organ followed by the stomach, suggesting that transcription occurs in the digestive organs (Fig. 17) . This finding is supported by the in situ hybridization analysis, which shows specific expression of mRNA in the inner epithelial cells of the digestive tubules of the digestive glands (Fig. 18) .
2-4. Xylanase from Corbicula japonica
Cellulose fibers are bound to each other by other kinds of polysaccharides collectively known as hemicellulose, which refers to xylan, glucomannan, xyloglucan and other minor components (McNeil et al. 1984) . Xylan is a major component of hemicellulose and requires a specific endo-1,4-b-xylanase (xylanase) to be degraded. Similar to cellulase, the origin of xylanase in the invertebrate digestive organs was believed to arise from symbiotic microbes (Wubah et al. 1993; Brennan et al. 2004) . However, the first evidence to show the animal origin of the xylanase gene, belonging to the family of GHF10, was reported in the freshwater snail A. crossean (Wang et al. 2003) , and later in the gastropod Pomacea canaliculata (Imjongjirak et al. 2008) . Xylanase, belonging to the family of GHF5, was reported in the plant-parasitic nematode Meloidogyne incognita (Mitreva-Dautova et al. 2006) . These findings suggest that xylanase is evolutionarily conserved and that C. japonica is possibly equipped with xylanase to effectively digest cellulose fibers in their digestive organs.
Isolation of the C. japonica xylanase gene, the genomic gene analysis and the in situ hybridization analyses were performed by Sakamoto et al. (2007 Sakamoto et al. ( , 2008 . The xylanase activity was detected using agar plates containing xylan according to the methods of Sakamoto and Toyohara (2009b) . We compared the xylanase activity among the digestive glands of Veneroida family including C. japonica, Ruditapes philippinarum, Meretrix petecialis and Crassostrea gigas. The marked xylanase activity was detected in C. japonica, while the other Veneroida species showed little or no activity. Next, we attempted to isolate the xylanase gene and successfully obtained the Cjxyn10A gene (Fig. 19) .
The cDNA of Cjxyn10A contains an ORF of 2523 bp, which corresponds to 840 amino acids of 94.06 kDa. The nucleotide sequence encodes a putative signal peptide located 45 bp upstream of the initiation codon. The polyadenylation signal of AATAAA and poly (A+) tail is found in the 3¢ terminal region of the gene. The N-glycosylation site (Asn-X-Thr/Ser) is found at various positions. The alignment of amino acid sequence demonstrates that the C. japonica xylanase shows se- quence homology with those of the fresh water snails A. crossean (AY285999) and P. canaliculata (DQ848667) (Fig. 20) . Important catalytic sites at His343 and Glu442 are completely conserved in the four species. Furthermore, just following the signal peptide, the C. japonica xylanase has a potential carbohydrate-binding module (CBM), belonging to CBM family 4 (Sakamoto and Toyohara 2009b) . The presence of the CBM indicates that this enzyme is capable of binding to amorphous cellulose or xylan. The enzyme also has a C-terminal cysteine-rich domain (CRD) that could form a heterotrimeric arrangement in a six-stranded b-barrel, similar to mammalian proprotein convertase subtillisin/kexin type 9 (PCSK9) (Lopez 2008) .
Next, we performed the PCR analysis on the genomic DNA of C. japonica. A 7678 bp fragment containing 10 exons and 9 introns encoding the Cjxyn10A sequence was obtained. This result suggests the endogenous origin of the Cjxyn10A gene. The phylogenetic analysis also supports the theory that the GHF10 xylanase gene was acquired in the early stage of metazoan animal evolution (Lo et al. 2003) . The expression analyses of mRNA by the RT-PCR and the in situ hybridization provided evidence to support the endogenous origin of C. japonica enzyme (Fig. 21) .
2-5. Comparative studies on cellulase and hemicellulase activities among bivalves
Ruditapes philippinarum, Meretrix lusoria, Meretrix lamarckii and C. japonica, belonging to the order Veneroida (class Bivalvia) are commercially important bivalve species in Japan. Corbicula japonica inhabits brackish water, while the other species inhabit marine waters. Stable isotopic studies suggested that C. japonica is capable of assimilating terrestrial organic matter mainly consisting of cellulose (Kasai et al. 2006). Indeed, biochemical and molecular biological evidence confirmed the endogenous presence of enzymes (cellulase, b-glucosidase and xylanase) and implicated in the digestion of cellulose fibers in this species (Sakamoto and Toyohara 2009a, b) .
Cellulose ( (McNeil et al. 1984) .
To understand the differences in the enzymatic digestive systems of the four bivalve species mentioned above, we evaluated the activity level of cellulase and hemicellulase prepared from the crystalline style (Sakamoto and Toyohara 2009a ties were evaluated by the plate and the reducing sugar assays. In the plate assay, substrate-containing agarose plates were used, and the activity level was determined according to the size of the unstained halo by Congo Red (Sakamoto and Toyohara 2009a) . In the reducing sugar assay, the degrading activities of phosphoric acid swollen cellulose (PASC), endoglucanase (CMCase, degrading activity of carboxymethyl cellulose), xylanase, b-mannanase, b-1,3-glucanase and pectinase were measured. Further details of the assay methods were described by Sakamoto and Toyohara (2009a) .
Corbicula japonica enzyme exhibited markedly high degrading activity against PASC (Fig. 22) . This is possibly due to the more prominent cellulase activity in C. japonica (as shown in Table 2 ), where the V max value of cellulase was approximately 6-30 times higher than the enzyme of other species. The activities of endoglucanase (CMCase) (Fig. 23) , xylanase (Fig. 24) , b-mannanase (Fig. 25) , b-1,3-glucanase (Fig. 26) and pectinase ( Fig. 27) were compared among the species. Corbicula japonica enzyme other bivalve enzymes, indicating that this species has the ability to digest structural polysaccharides of plant cell wall. However, the activity of b-1,3-glucanse of C. japonica was the lowest among the four species. Since b-1,3-glucan is a major component found in diatoms, the other three bivalve species would be capable of digesting diatoms, while C. japonica would not. These findings suggest that C. japonica may have adapted to the upstream estuarine environment, where diatoms are scarce and plant-originated organic matters are abundant.
Contribution of wetland species to plant residue degradation in various climates
3-1. Cellulase and hemicellulase distribution in wetlands
Large amounts of cellulose and hemicellulose derived from plants flow into seas and lakes via rivers. Various animal species are assumed to contribute to the degradation of cellulose and hemicellulose. Most of the studies investigating the activities of cellulase and hemicellulase are relevant to the economically beneficial fishery species such as the Japanese scallop (Tachibana et al. 2005) , blackish-water clam (Sakamoto et al. 2007 , 2009 ), abalone (Suzuki et al. 2003 Ootsuka et al. 2006 ) and sea urchin (Nishida et al. 2007) . We first demonstrated the widespread distribution of these enzymes in the ecologically important species (Niiyama and Toyohara 2011) .
The activity levels of cellulase and hemicellulase from 18 ecologically important species were analyzed by the plate assay ( Table 3) . The samples showing cellulase or hemicellulase activities were then used for the quantitative analysis using the reducing sugar assay (Fig. 28) . The levels of reducing sugar produced from cellulose were high in Neocaridina denticulate doi:10.5047/absm.2018.01101.0001 © 2018 TERRAPUB, Tokyo. All rights reserved. Fig. 27 . Comparison of the pectinase activity of the crystalline style extract among various bivalves. Amounts of reducing sugar produced from 1% substrate solution (carboxymethylcellulose, locust bean gum, xylan, glyloid 3S, or lichenin, respectively) were measured by reducing sugar assay. From Sakamoto and Toyohara (2009a) . and Caridina multidentata (Fig. 28A) . These results correspond with the earlier reports suggesting that decapods have endogenous cellulase enzymes (Xue et al. 1999; Byrne et al. 1999; Linton et al. 2006; Linton and Greenaway 2007) . Lichenin is a polysaccharide mainly found in lichen. It is composed of glucose bound by b-1,4 and b-1,3 linkages. The results of the reducing sugar assay for licheninase were similar to that of cellulase, possibly because cellulase also catalyzes the hydrolysis of b-1,4 linkage of glucose in lichenin (Fig.  28E ) (Perlin and Suzuki 1962) . Mannan is mainly composed of glucomannan and galactomannan in the cell walls of plants (de Vries and Visser 2001) . We used galactomannan in the reducing sugar assay of mannanase, because cellulase is also involved in the degradation of glucomannan. Neocaridna denticulate and C. multidentata demonstrated high mannanase activities (Fig. 28B) . Since glucomannan is the major component of softwoods, it is quite possible that N. denticulate and C. multidentata effectively digests softwoods. The intense xylanase activities were observed in Semisulcospira libertina and Semisulcospira reiniana (Fig. 28C) . Xylan largely exists in the form of arabinoxylan in softwoods or glucuronoxylan in hardwoods (Ebringerová and Heinze 2000) . Based on their high levels of xylanase and cellulase activities, these species would be involved in the efficient digestion of both hardwoods and softwoods. The specific species most commonly found in Lake Biwa (Shiga Prefecture), Semisulcospira nipponica, had low xylanase activity compared to S. libertine and S. reiniana collected from the same time and site. To adapt to the environment of Lake Biwa, S. nipponica might change its digestion system, which led to relatively decreasing the level of xylanase activity. High xyloglucanase activity was detected in Terebralia palustris (Fig. 28D) . Since xyloglucan is mainly found in dicots (McNeil et al. 1984) , T. palustris may effectively digest the cell walls of dicots. This species was collected from the mangrove in Iriomote Island (Okinawa Prefecture), where mangrove trees of dicots Bruguiera gymnorrhiza and Rhizophora mucronata were found. This finding suggests that T. palustris has acquired an efficient digestion system to degrade constituents of mangrove trees as a means of adapting to the mangrove areas.
3-2. Cellulase ac tivities in the cold climate wetlands
Hokkaido Prefecture, most of which belongs to the subarctic zone, has many wetlands kept nearly intact. Most of the lakes in Hokkaido are classified as lagoons, which were formed by the isolation of a part of sea by land. The mouths of the lagoons to the sea are narrow, which makes it easier to accumulate terrestrial organic matter than estuaries do (de Wit et al. 2001) . In the cold climate, the rate of decomposing plant-derived organic matter decreases due to lower temperatures. Peat fens are considered to form by piling up of the plants not completely degraded by the organisms. Therefore, various cellulose consumers are expected to inhabit peat fens to utilize cellulose from this rich source of plants (Artz et al. 2007; Yamada and Toyohara 2012) .
Meiobenthos are defined as invertebrates passing through 1-mm mesh filters and are composed of a variety of fauna consisting of 22 phyla (Higgins and Thiel 1988) . In the present study, the fraction of sediment passed through 1-mm mesh but trapped by 40-mm mesh was designated as "the meiobenthos fraction", and the sediment sample without filtering was designated as "the total sediment fraction". To determine the involvement of meiobenthos in the cellulose degradation in the cold climate wetlands, cellulase activities from meiobenthos and sediments were investigated. Sampling sites in Hokkaido prefecture were shown in Fig.  29 . The cellulase activities were detected in the total sediment fraction and the meiobenthos fraction prepared from Lake Furen by the zymographic analysis at 37∞C (Fig. 30) . The active bands in the two fractions were commonly found at 40.7 kDa and 34.2 kDa, which implies that the cellulase activity of the sediment was mainly derived from the meiobenthos fraction (Yamada and Toyohara 2012) . This suggested that the cellulase activities in the sediments would be attributable to meiobenthos. To identify the meiobenthos species involved in the cellulase activities, we investigated the animal species in the meiobenthos fraction with a microscope. As a result, we found that Oligochaete were dominant in the fraction. The molecular masses of the active bands in the extract prepared from Oligochaete were found at 34.3 and 41.2 kDa, which closely corresponded to those of the active bands at 34.2 and 40.7 kDa detected in the two sediment fractions. Therefore, cellulase activities detected in the sediment were considered to be derived from Oligochaeta. It was reported that the high cellulase activities in the sediment of Lake Furen were derived from microbes (National Institute for Environmental Studies, Japan 2003). However, our results indicate that meiobenthos, such as Oligochaeta, would contribute to the degradation of cellulose in the cold climate wetlands. In Notsuke gulf and Lake Chobushi, Oligochaeta and sediments showed the cellulase activities (Fig. 31) . In Lake Chobushi, the molecular masses of the cellulase activity of Oligochaeta were matched with those of the sediment fraction at 33, 59 and 62 kDa, which supported the contribution of Oligochaeta to the degradation of cellulose. However, in Notsuke gulf the molecular masses of the cellulase activity of Oligochaeta at 29 and 30 kDa were not corresponding with those of the sediment. The cultured microorganisms with LB medium also showed the smear active band at high molecular mass, which did not correspond with the active bands in the sediment fraction. These results led to the conclusion that the cellulase activities in the total sediment fraction in Notsuke gulf were originated from the microbes which we failed to culture.
The zymographic analyses were performed at 37∞C (Figs. 30, 31) . To assimilate cellulose in the cold climate wetlands, cellulose consumers are required to possess cellulases active even at low temperature. We, therefore, assessed the cellulase activities of the sediments, oligochaete and microbes by the zymographic analyses and the reducing sugar assay at 4∞C. The cellulase activities were also detected in all samples by zymographic analysis at 4∞C (Fig. 32) of fallen leaves accumulate without being washed out to the sea. Therefore, diverse species may possibly be involved in the consumption of cellulose in accumulated leaves in these areas. The mangrove estuaries in Japan are mostly situated in the South-Western Islands. We looked into the cellulase activities of meiobenthos at Ishigaki Island (Nagura Gulf) and Iriomote Island (the Urauchi, Mare, Hinai and Maira Rivers) (Yamada et al. 2013) . We detected the cellulase activities in the meiobenthos collected at these wetlands by the zymographic analyses (Fig. 34) . Both sediment and Oligochaeta in the Mare River displayed the same active band at 27 kDa, which implies that Oligochaeta are major decomposers of cellulose in the Mare River sediments.
The Matang Mangrove Forest Reserve (MMFR) located on the northwestern coast of Peninsular Malaysia, is a well-maintained mangrove forest. The dissolved oxygen content at the bottom of mangrove essame patterns of the active bands were detected in the extract of oligochaete at 37∞C and 4∞C. In the reducing sugar assay at 4∞C, Oligochaeta sampled from the Notsuke Gulf showed approximately 30% of the level of the cellulase activity at 30∞C (Fig. 33) . These results suggest that this species has cellulase, active at a broad temperature range, which illustrates that meiobenthos plays an important role in the digestion of plant residues in the cold climate wetlands.
3-3. Cellulase activities in the mangrove estuaries
More than half of the coastal zones in tropical and subtropical areas consist of mangrove estuaries. Mangrove trees are most dominant at shore sites where waves are modest (Lalli and Parsons 1997) . Due to the complex roots of the mangrove trees, water flow becomes suppressed and organic matter mainly composed tuary is low due to insufficient convection of water column. The blood cockle (Anadara granosa) is the dominant benthic species in MMFR estuaries, possibly because it can adapt to hypoxia conditions with its hemoglobin (Okamura et al. 2010) . We observed the cellulase activity by zymographic analysis in this bivalve, collected from several places at 9.5 kDa and 24.5 kDa as intensive and smear broad band, respectively ( Fig. 35 ; Niiyama et al. 2012b) . The digestive organs of the blood cockle converted cellulose into glucose, which indicates that it can degrade mangrove-derived cellulose (Fig. 36) . However, the level of the cellulase activity of this bivalve collected in R3 was significantly lower than that in other sampling sites. R3 was located from the river mouth to the coastal zone. Cellulose content in the sediment was assumed to be lower due to the high flow rate in this area. Cellulose supply was reported to be positively correlated with the cellulase activity of the relative species of the blood cockle, Cerastoderma edule (Ibarrola et al. 1998) . This possibly applies to the case of the blood cockle. Therefore, the lowest level of the cellulase activities of blood cockle collected from R3 were caused by lower expression level of cellulase due to the poorer content of cellulose in the sediment.
Acetes shrimps are involved in the food web at the MMFR as a food source for higher carnivore consumers. Some crustaceans were reported to have cellulase and make plant-derived cellulose available to them (Byrne et al. 1999; Xue et al. 1999; Linton and Greenaway 2004; Linton et al. 2006; Allardyce and Linton 2008) . Since mangrove trees supply abundant cellulose to rivers, Acetes shrimps known as deposit feeders are presumed to have the cellulase activity. To confirm this hypothesis, we attempted to detect the Fig. 30A . The activities were quantitatively measured by reducing sugar assays. Three specimens were analyzed in every sampling site. Bars are shown as mean ± SD. Different letters above the bars show the level of the activity differed significantly based on Turkey's HSD test (P < 0.05). From Niiyama et al. (2012b). cellulase activity by zymographic analysis for three species of Acetes in MMFR (Niiyama et al. 2012a; Tanimura et al. 2013b) . As a result, we found the two active bands, one at approximately 25 kDa and the other at more than 100 kDa in all three species (Fig. 37) . The molecular masses of the cellulases previously reported in crustaceans were 40 kDa in Cherax quadricarinatus, 53 ± 3 kDa and 52 kDa in Cherax destructor and 52 kDa in Gecarcoidea natalis (Xue et al. 1999; Allardyce and Linton 2008) . The molecular mass of cellulases reported from the crustaceans and those from the Acetes species are different, suggesting that these cellulases are generally distinct. Molecular masses of the cellulase activities so far reported from the crustaceans were distributed around 50 kDa, almost similar to that of CjCel9A. Apparent similarity of the molecular mass of these animals might support the wide distribution of this enzyme among phylum.
We evaluated the cellulase activities of other small crustaceans, known as copepods, which are also food sources for higher carnivores in mangrove areas. The copepod species sampled from the Selangor Estuary including Pseudodiaptomus annandalei, Acartia spinicauda and Acartia sp. showed the cellulase activities in the plate assays ( Fig. 38 ; Liu et al. 2015b) . We also observed the cellulase activities from A. spinicauda by the zymographic analysis (Fig. 39) . Interestingly, A. spinicauda sampled at different areas demonstrated different patterns of active bands, which suggest that A. spinicauda may have adapted their cellulase digestion properties to the environmental condition of their habitats. Microbes in the digestive organs of these animals were reported to be involved in the digestion of cellulose. It seems likely that the microflora in the digestive organs would change ac-doi:10.5047/absm.2018.01101.0001 © 2018 TERRAPUB, Tokyo. All rights reserved. 
3-4. Cellulase activities in the temperate climate wetlands
We investigated the contribution of meiobenthos to the cellulose degradation in the temperate climate wetlands . The sediments and extracts from meiobenthos in the Kako River (Hyogo Prefecture) and the Chinai River (Shiga Prefecture) showed the cellulase activities detected by zymographic analysis (Fig. 40) . The molecular mass of the active bands from the total sediment fraction and the meiobenthos fraction were the same as those from the Oligochaeta species, a dominant meiobenthos in the Chinai River at 25 and 54 kDa (Fig. 40A) . In samples collected from the Kako River, the active band at 25 kDa and the smear active band at 38 kDa from the total sediment fraction were comparable to that from the meiobenthos fraction (Fig. 40B) . These results imply that meiobenthos may be involved in the cellulose degradation at the temperate climate wetlands, and that the origin of the cellulase activities from the sediments in the Chinai River were possibly derived from the Oligochaeta species. However, the active bands at 43, 52 and 56 kDa from the Harpacticoida species, a dominant meiobenthos found in the Kako River were not found in the lane of the total sediment and the meiobenthos fractions (Fig.  40B) . These results provide evidence to support the hypothesis that meiobenthos contribute to the degradation of cellulose in the temperate climate wetlands. Habitat density of Herpacticoida was low in this sampling site. In the total sediment fraction, their cellulase activities were too low to be detected due to the dilution of their cellulase.
Habitat segregations of the benthos were caused by various factors (Adachi and Wada 1998; Vizzini and Mazzola 2006; Kanaya and Kikuchi 2008; Weerman et al. 2011) . The ability to digest hard-degradable plant residues is assumed to be one of these factors. Differcording to the environmental condition. It was reported that intestinal flora of invertebrates was important to digest cellulose (Harris 1993) . Acartia spinicauda could digest cellulose more efficiently with the flora suitable for the cellulose degradation in each habitat. ent species of gastropods utilize terrestrial organic matter as either their main source of food or as periodic supplements by their cellulase (Antonio et al. 2010) . To reveal the relation between the habitat environment of benthos and their ability to degrade plant residues, we investigated four species of gastropods (Cerithidea rhizophorarum, Cerithidea cingulata, Batillaria multiformis and Batillaria attramentaria) in the Tanaka River (Mie Prefecture) (Liu et al. 2014) . The distribution of these species is shown in Fig. 41 . C. rhizophorarum was mainly found in the reed bed, where abundant hard-degradable carbohydrates were accumulated. C. rhizophorarum demonstrated the highest cellulase and xylanase activity among the four gastropod species investigated (Fig. 42) . These findings suggest that C. rhizophorarum are capable of consuming plant residues more efficiently than the other three gastropod species. Therefore, they may be the dominant gastropod species in the reed beds of the Tanaka River.
Crabs are considered to be one of the dominant macrobenthos residing in the temperate and tropical estuaries (Fukui and Wada 1986) . The dotillid crabs, Scopimera globosa and Ilyoplax pusilla, are major animals in the tidal flats and bays of central and western Japan (Wada 1981) . The sediment condition and sampling sites of crabs in the Tanaka River is shown in Fig. 43 . Scopimera globosa and I. pusilla were also found in the Tanaka River and the distribution patterns of these are shown in Fig. 44 (Kawaida et al. 2013) . Scopimera globosa inhabited the sandy flat with low contents of organic matter, while I. pusilla inhabited the muddy flat with high contents of organic matter (Fig. 45) . This habitat isolation of the two species was explained by the different superiority of sorting organic materials from the sediments. This difference directly correlated with feeding efficiency, which means that of the two species only S. globosa is capable of acquiring enough food in the sandy flat (Ono 1965; Wada 1982) . However, this idea is insufficient to explain the absence of S. globosa in the muddy flat. To explain habitat segregation of two species more precisely, we investigated the relevance between the levels of the cellulase activities and their habitats. As shown in Fig.  46 , the reducing sugar assay revealed a higher level of the cellulase activity in the digestive tracts of I. pusilla than that of S. globosa, regardless of the sampling area. These findings suggest that I. pusilla has a higher ability for cellulose degradation than S. globosa, which may be a determining factor of habitat segregation.
As shown in this chapter, the enzyme activities involved in the digestion of hard-degradable carbohydrates were detected in the various organisms including macrobenthos and meiobenthos, in addition to the sediments collected from various wetlands from the subarctic to the subtropical zones. These activities were derived from the enzymes encoded on the chromosomes of benthos or microbes. To determine the origin doi:10.5047/absm.2018.01101.0001 © 2018 TERRAPUB, Tokyo. All rights reserved. of these enzymes, further molecular biological studies are required.
Environmental enzyme system
4-1. Discovery of environmental enzyme
During the investigation of the cellulase activities in various wetland sediments, we unexpectedly discovered that the level of the cellulase activity did not change much even after a half year-storage in the refrigerator, but the number of microbes was remarkably reduced after storage. These findings inspired us to investigate the occurrence of "the environmental enzyme" in the sediment. We defined the enzymes secreted from organisms and bound to the sediments as "the environmental enzyme", which was first produced by and for a certain organism, but eventually lost its direct connection to its producer. To confirm the natural occurrence of environmental enzymes, we made an attempt to detect the enzyme activity in the sediments collected from the Midori (Kumamoto Prefecture) and the Tanaka Rivers (Mie Prefecture) . We sieved the sediments collected from the wetlands in order to remove the meiobenthos and macrobenthos. To sterilize the sieved sediment, a high dose of chloramphenicol (40 mg/g-sediment) was added. As a result, the microbes failed to be detected on a normal LB plate after the treatment (Fig. 47A) . The plate assay showed that the cellulase activity in the sediment, demonstrated as unstained halos, was not completely extinguished (Fig. 47B) . The reducing sugar assay was then done to quantitatively evaluate the effect of chloramphenicol (Fig. 47C) . By this assay, the substantial activities remained in the presence of chloramphenicol. In both assays, the cellulase activity in the sediments was not completely reduced, whereas the remaining activity levels were differed between the assays. The discrepancy between the assays could be explained as follows. In the plate assay, the cellulase activity was detected as the unstained halo, which was caused by the solubilization of enzymatically degraded cellulose fragments (Fig. 47B) . On the other hand, in the reducing sugar assays, the cellulase activity was detected as the enzymatically produced oligosaccharides and glucose. The apparently different results shown in Figs. 47B, C were ascribed to the difference in the degraded products between the assays employed in these figures. Therefore, the remaining activity is assumed to be due to the environmental enzymes as we mentioned above.
As described in Sections 3-4, we found that habitat segregation in the Tanaka River occurs according to the sediment condition, such as the level of plant coverage. This finding led us to validate the cellulase activity level of the environmental enzymes in the sediments at different sites of the Tanaka River (Fig.  48) . The results showed that the sediments from all of the sites demonstrated the activity, but the level of the activity differed remarkably. The activity level in the muddy sediments was higher than that in the sandy sediments, except at the one site where the magazine was accidentally left (Fig. 49) . Hundreds of gastropods gathered around the magazine, probably causing the high level of the environmental cellulase activity detected in the sediment of that site.
4-2. Enzyme binding ability of sediments
Considering the fact that the wetland sediment is always exposed to water, the environmental cellulase must be immobilized in the sediment to avoid being even after two extra-washings. This finding suggests that the sediment has the ability to bind proteins. To confirm this, we examined the binding ability of the sediment against bovine serum albumin (BSA) as a standard protein. As a result, the sediment demonstrated strong binding ability to BSA even after three times of intense washing (Fig. 50) . To know whether the sediment has the ability to bind other enzymes, we tested the binding ability of the sediment collected from various sampling sites against trypsin from hog pancreas, amylase from Bacillus sp., and a cellulase from Aspergillus niger (Figs. 51, 52 ). As shown in Fig. 52 , all of the sediment samples bound these enzymes, but the binding ability differed among the sediments. These results indicate that the sediment has binding ability to various enzymes other than cellulase. The degree of binding ability was differed depending on the sampling sites, possibly because the content of the sediment varied among the different sites.
4-3. Components involved in enzyme binding
Our findings suggested that the environmental enzyme system actually works in the sediment of the wetlands. The next question is what component in the sediment binds the enzymes. The putative candidates are clay and oxidized metals, as well as organic matter mostly consisting of the products of degraded leaves Liu et al. 2015a ).
As described above, the degree of binding ability against enzymes differed among the various sediments. According to the particle size distribution analysis, the sediments containing silt and clay demonstrated relatively higher binding ability against enzymes, while washed away. To confirm this, we mixed fungal cellulase with autoclaved sediment and examined the effect of intense washing on immobilization of the enzyme to the sediment. We found that approximately 40% of the fungal cellulase remained in the sediment after rigorous seawater washings (Fig. 50) . The activity level of the remaining cellulases was not changed those mainly composed of sand had lower binding ability (Fig. 53) . However, sediments containing high ratio of silt and clay such as Eigen temple and paddy field in Kyoto University did not show high binding ability. On the other hand, the highest binding ability was demonstrated in the sediments of Shibecha followed by Lake Furen, the Mare River and Taisho Pond that contained sand dominantly in addition to a non- Binding of fungal cellulase or bovine serum albumin (BSA) to the sediment of the Tanaka River. Sediment (2.0 g, dry weight) was mixed with 0.4 mg or 5.0 mg of fungal cellulase (MP Biomedicals, Santa Ana, CA, USA) or BSA (nacalai tesque, Kyoto, Kyoto, Japan), respectively. Sediments were collected by centrifugation after washing with 40 mL of seawater 1 to 3 times. The amount of bound cellulase was estimated by measuring the cellulase activity of the sediment against CMC. The amount of bound BSA was estimated by subtracting that in the supernatant from the total amount of BSA. Bars are shown as mean ± SD. negligible content of silt and clay. These results suggested that higher permeability of sediment achieved by rich content of sand in addition to a non-negligible content of silt and clay would be critical for the efficient enzymatic reaction.
As shown in Table 4 , the content of organic matter was high in the sediments from Lake Furen, Taisho Pond, the Mare River and Shibecha where the higher enzyme binding abilities were shown (Fig. 52) . This result suggests that organic matters could be involved in the enzyme binding ability. Although the content of organic matter was not so high in the sediment of Shibecha among the sediments exhibiting higher enzyme binding ability, the sediment of Shibecha demonstrated the highest trypsin, amylase and cellulase binding abilities (Fig. 52) . This finding suggested that other components may be involved in the high enzyme binding ability of the sediment of Shibecha. We compared the content of the dominant metal oxides such as ferrous, aluminum, silica and the organic matter in the sediment to determine the components mostly implicated in the high enzyme binding ability of the sediment of Shibecha ( Table 4) . The results indicate that the aluminum content in the oxalate extraction (amorphous aluminum) was remarkably high, while the content of organic matters was not. This suggested that amorphous aluminum could be another major factor determining the enzyme binding ability of the sediment. These results were also supported by the report by Allison (2006) , which showed that adding allophane, doi:10.5047/absm.2018.01101.0001 © 2018 TERRAPUB, Tokyo. All rights reserved. Fig. 46 . Particle size distribution analysis were followed by the methods described by Dane and Topp (2002) . Table 4 . Amount of organic matter, ferrous, aluminum and silica in the sediments. Degrading activity of the environmental cellulase derived from gastropods (Cerithidea rhizophorarum). Sediment from the Tanaka River (approximately 2,000 mL) was autoclaved. Twenty-five individuals of C. rhizophorarum were put on the autoclaved sediment after sterilization of the shell using 75% ethanol and then cultured for 264 h. Cellulase activities in the sediment collected at different culture times were measured by reducing sugar assay. Autoclaved seawater was substituted for the sediments in a parallel experiment as a control. Sediments (5.0 g, wet weight) collected at different culture times were incubated with CMC for 24 h. The activities of the environmental cellulase were calculated as follows: Environmental cellulase activity (mmol h -1 g-sediment -1 ) = Activity in sediment -Activity in seawater -Activity in sediment (0 h). The weight of the sediment was shown as wet weight in this formula. Degrading activity of the sediment bound by fungal cellulase against natural occurring substrate. Sediments from the Tanaka River (5.0 g, dry weight) was autoclaved and bound with fungal cellulase (2.6 mg) as described in Fig. 45 , which was added to autoclaved reed leaves (0.1 g, dry weight) and incubated at 25∞C. Reducing sugar production at different reaction times was measured by reducing sugar assays.
exhibiting the different degree of enzyme binding ability. Together with the biological diversity of the wetlands, our findings suggested the geological diversity should be considered to conserve the ecological diversity.
an amorphous mineral consisting of hydrous aluminum silicate, to the soil stabilized and enhanced the enzyme activities.
As shown in Fig. 53 and Table 4 , the sediments collected from various wetlands demonstrated the specific properties according to the collecting sites, thereby doi:10.5047/absm.2018.01101.0001 © 2018 TERRAPUB, Tokyo. All rights reserved.
4-4. Natural environmental enzyme system
The findings described above suggested that (1) the sediment has the ability to bind trypsin, amylase and cellulase as well as BSA, and (2) the content of clay and oxidized metals in addition to organic matters were the putative candidates involved in the enzyme binding ability. However, it is unknown whether the environmental enzymes are able to degrade natural substrates, because our experiments were not carried out with natural substrates. To examine whether environmental enzymes are capable of digesting natural substrates, we examined the degrading activity of the sediment bound with fungal cellulase against autoclaved reed leaves (Fig. 54) . Resultantly, the reducing sugar content increased as a function of incubation time until 24 h, but unexpectedly decreased after 24 h. It remains unknown what factors were involved in the sudden decrease after 24 h.
To confirm whether the environmental enzyme system actually works under natural conditions, we kept C. rhizophorarum on the sediment in a small tank for 264 h and measured the environmental cellulase activity bound to the sediment against CMC. As shown in Fig. 55 , the environmental cellulase activity increased in the first 138 h, but decreased through 264 h. This finding suggests that the environmental cellulase system could work under natural conditions. However, the cause of the sudden decrease after 138 h is unknown. The sediment in the tank of C. rhizophorarum demonstrated the cellulase activity, suggesting that enzymes in the excreted feces could be the source of the environmental enzyme. Most cellulase activities in the feces were derived from microbes proliferating in the excreted feces. However, the possibility that the activities were derived from the digestive organs of the gastropods cannot be ruled out.
Our studies suggested that the cellulose degradation in the wetlands could be ascribed to the degradation systems due to the digestive enzymes and the environmental enzymes. Candidate enzymes involved in these systems are assumed to be derived from microbes (bacteria and fungi) and invertebrates. Since microbes have no digestive organs, the digestive enzymes were supposed to be solely derived from invertebrates. On the other hands, the environmental enzymes are assumed to depend on microbes, because most microbes degrade organic matters by secreted enzymes. Unexpectedly, however, enzymes involved in the environmental enzyme system of Lake Furen would be solely derived from the aquatic invertebrates. This finding suggested that the invertebrates suppressed the microflora in the sediments. Regulation of microbes' growth in the sediments by Capitella teleta was reported by Kunihiro et al. (2011) . It is of interest that aquatic invertebrates presumably secrete some unidentified factors regulating the microflora to construct the non-biological degrading system suitable for them. These findings suggested that contribution of the enzymes to the cellulose degradation exhibits "not relative but absolute" dependency on microbes or invertebrate.
Future perspective
This environmental enzyme system could be a major contributor to the degradation of hard-degradable plant-derived carbohydrates. This system may be important to maintain the biodiversity of wetlands because the digestive products of environmental enzymes were common resource for the organism inhabiting the wetlands. During the last century, the size of the wetland area has decreased by nearly half, according to Achim Steiner's United Nations Environment Programme (UNEP) report. The decrease is assumed to be the result of environmental deterioration in coastal areas. Thus, regeneration of the wetlands will be important to improve coastal environmental conditions. According to our study, the content of the sediment could be critical for the proper functioning of the wetland ecosystems. Geological diversity as well as biological diversity should be considered to regenerate the wetlands, because the function of environmental enzyme systems possibly depends on the contents of the sediments.
